The temperature and magnetic field of the critical current density of four selected pure and C-doped MgB 2 samples have been investigated in detail and the flux pinning mechanism has been analysized. It was found that the sintering temperature and the substitution of carbon can significantly modify the flux pinning mechanism. Below 30 K, the reduced field dependences of the reduced pinning force for all investigated samples are found to closely obey one scaling law, reflecting the presence of only one dominant pinning mechanism. A δT c pinning mechanism was found to be mainly responsible in pure MgB 2 samples while the δl pinning mechanism becomes dominant for C-doped samples.
Introduction
The discovery of superconductivity in MgB 2 below 39 K has attracted a huge amount of attention [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] due to its great potential for applications and variety of unusual properties, such as its order parameter symmetry and the large anisotropy ratio of the upper critical field H c2 ab /H c2 c [2] .
Because the strong pinning and high upper critical field are critical for many MgB 2 applications, a lot of efforts have been made to introduce dopants into the host structure to elucidate how the crystal structure, internal charge states, and T c are interrelated, as well as how to improve the superconducting properties [2] [3] [4] [5] [6] . It was proved that the doping [10, 11] and particle irradiation [12] could be appropriate methods for improving the upper critical field H c2 and high field transport J c of MgB 2 and carbon seems to be most promising for enhancing H c2 among the numerous possibilities of doping MgB 2 [3, 10] . Moreover, study of the vortex matter phase diagram of MgB 2 can help in understanding the pinning mechanism of this material. It is accepted that the flux pinning force density is a function of temperature and magnetic field [13] and is determined by the micro and nanostructure of the sample [10, 12, 14, 15] . The field dependence of normalized flux pinning force can give an indication of the pinning mechanism operative in the particular sample [8, 10, 12, 16] .
According to the size of pinning center, the pinning mechanism can be classified into three types [14] : point, surface and volume. Grain boundary (surface type) is found to be the main pinning mechanism in MgB 2 samples [12, 16] . Recently, it also was found that the pinning mechanism can be modified by SiC-doping [15] and the neutron irradiation [16] .
In type-II superconductors, it is accepted that there are two very important elementary interactions between vortices and pinning centers: the magnetic interaction and the core interaction [13] . The magnetic interaction stands for the interaction of surfaces between superconducting and non-superconducting materials parallel to the applied field 3 and is very small compared with the core interaction in MgB 2 -based samples, due to its large GL coefficient κ (∼26 in MgB 2 [7] ). The core interaction stands for the coupling of the locally distorted superconducting properties with the periodic variation of the superconducting order parameter. The core interaction includes two types of mechanism:
δT c and δl pinning. The δT c pinning refers to the spatial variation of the GL coefficient associated with disorder due to variation in the transition temperature T c , while δl pinning is associated with the variation in the charge-carrier mean free path l near lattice defects [7, 13] . For polycrystalline [7] , thin film [8] , and single crystalline [9] MgB 2 samples, it has been found that the dominant pinning mechanism is δT c pinning, which is related to spatial fluctuation of the transition temperature. However, it is unclear whether this is true with respect to the mechanism involved in C-doped MgB 2 samples, because C substitution for B in MgB 2 leads to further disorder [3] and an increase in the residual resistivity [10] , reflecting the shortening of the mean free path l.
In this investigation, we will focus on these issues and try to understand the effects of sintering temperature and C substitution in MgB 2 on the physical properties, especially on the pinning mechanism.
Experimental process
MgB 2 bulk samples were prepared by an in-situ reaction method [3] . Table I .
Results and discussion: (1) Lattice parameters
All these four samples show almost identical x-ray diffraction patterns. Analysis of the xray diffraction patterns of randomly-oriented fine powder samples showed that all samples are essentially single phase and have the MgB 2 structure, as expected, with an amount of less than 10 wt% MgO constituting the single impurity phase. The x-ray data were analyzed by Rietveld refinement using the FULLPROF program [17] . Figure 1 shows the experimental and calculated x-ray diffraction patterns for sample No. 485 as a typical example. The pattern factor R p , the weighted pattern factor R wp , and the expected pattern factor R exp are 5.41, 7.39, and 5.37, respectively. The results of the refinements for all compounds are listed in Table I . It can be seen that the carbon doping leads to an obviously anisotropic variation of the unit cell (c/a) with a larger decrease for the a-axis. The carbon content in the C-doped Mg(B 1-x C x ) 2 samples was estimated and is listed in Table I using x = 7.5 × Δ(c/a), with Δ(c/a) being the change in c/a compared to the pure MgB 2 [11] , as reported in [3] . (Here we use the single crystal MgB 2 as a reference point [18] .)
(2) Flux pinning mechanism
We have measured the magnetic hysteresis loops (MHL) for all samples at various temperatures below T c . From these M(H) loops, the J c (B) curves at various temperatures have been calculated using the Bean model [3] and are shown in Fig. 2 [8, 14] that F p is proportional to h
where h is the reduced field, with h = H/H irr , and n and m depend on the type of pinning.
There are various methods reported in the literature [8] to determine the irreversibility field B irr = μ 0 H irr in MgB 2 , deriving it from both the magnetization and the resistivity. Here, we use the J c criteria of 10 6 A/m 2 to determine the value of H irr [7] . It was found that for all the samples investigated, the temperature dependence of μ 0 H irr can be closely fitted using
, which is characteristic of 3D flux creep [7, 8, 13] . The similar behavior of B irr has been reported for MgB 2 thin film samples [8] . , and 495, respectively). It has been well established that when n is close to 0.5 (with m § 2), the grain boundary pinning plays a major role [14] , while the non-superconducting point centers becomes mainly responsible with n = 1. This means that grain boundary pinning is the overriding pinning mechanism for samples Nos. 185, 485, and 495 (n ∼0.6) (similar case has been observed in [14] It is accepted that the critical current density J c is determined by the pinning force and can act a suitable parameter to check the validity of the collective pinning theory with the experimental results [13] . According to the collective pinning model, the disorderinduced spatial fluctuations in the vortex lattice can be clearly divided into markedly different regimes according to the strength of the applied field: single-vortex, small-bundle, large-bundle, and charge-density-wave (CDW)-type relaxation of the vortex lattice [13] .
With the applied field below the first critical field B sb (where B sb stands for the crossover field from the single vortex regime into small bundles of vortices), the interaction between the vortices is irrelevant, and J c is independent of the field. Within the intermediate field range B sb < B < B lb (with B lb standing for the crossover field from small-bundle to largebundle pinning), the dispersion in the elastic modulus becomes relevant, and J c will decrease exponentially (in the small-bundle range). In the large-bundle pinning range, the field of J c turns algebraic with B (J c ∝B -3 ) [7] . B sb in [13] has been defined as 
where β sb can be regarded as constants (as within the framework of the dynamical approach 
8 It can be seen from Fig. 2 that, similarly to previous results [7] and in good agreement with the collective model [13] , the J c -B curve can be divided into three different regimes within our field range. In the small field regime, the J c is almost independent of the applied field before it starts to decrease first exponentially and then algebraically with increasing field.
In order to derive the value of B sb , we plot the double logarithmic plot -log 10 (J c /J c (B = 0))
vs. B as shown in Fig. 4 using the data in Fig. 2 (b) (where B th is the crossover field to the thermal fluctuations dominated regime), as shown in the insert of Fig. 4 for T=23 K. It is accepted that for δT c pinning and δl pinning, the disorder parameter δ exhibits different characteristic temperatures [13] . Griessen et al. [20] have provided individual expressions of J sv for δT c pinning (
(1+t 2 ) 5/6 ) and δl pinning (J sv ∝ (1-t 2 ) 5/2 (1+t 2 ) -1/2 ) contributions, so using these results, Qin et al. [7] obtained an expression for B sb for the δT c pinning and δl pinning cases, respectively, as follows: 
for δl pinning and
for δT c pinning, respectively. We fit our experimental data using equations (5) and (6), respectively, as shown in the insets of Fig. 5 . It can be seen that the δl pinning curve is in good agreement with the experimental data for the C-doped samples. This again supports the conclusion that for the C-doped samples the δl pinning plays a major role. A similar conclusion was also reached by Ohmichi et al. from studying the rf penetration depth of carbon-substituted MgB 2 single crystals [22] .
In order to understand the different behaviors in the pure MgB 2 and C-doped samples, we also measured the transports for these four samples and the zero field results are shown in Fig. 6 as an example. We estimated the electronic mean-free path at T c from the corrected residual resistivity ρ 0 for these four samples (listed in Table I ) is less than 5% and the variation in carrier density (carbon has one more electron than boron) for carbon-substituted sample is less than 5% [25] which does not in practice affect the conclusion on the variation of free path and the accurate analysis is outside of our interest here. Moreover, it can be seen that higher temperature sintering can improve the [26] .) Using the equation ξ = (Φ 0 /2πH c2 ) 1/2 , the values of ξ(0) have been estimated and are listed in Table I .
Conclusion
We have investigated the magnetic and transport behavior of pure and C-doped MgB 2 samples. A low sintering temperature leads to more point defects, which is reflected by the presence of point pinning, while the grain boundary pinning mechanism becomes dominant for the samples with higher sintering temperatures. Moreover, it has been found that in the pure MgB 2 samples the δT c pinning is dominant, while δl plays a major role for the C-doped samples. 
